Haplorchis pumilio (Trematoda: Heterophyidae) has become widely established around the world because of multiple introductions of its snail hosts, and because of its flexible host requirements at the second-intermediate and definitive levels. Although exotic thiarid snails introduced into North American waters have been previously reported to harbor H. pumilio, metacercariae of H. pumilio have not been reported from native fishes in the continental USA. In this study artificially exposed cyprinids to H. pumilio cercariae from infected snails became infected with the trematode, sometimes lethally, when exposed for only 15 minutes to high cercarial densities. Subsequent collection and examination of fountain darters Etheostoma fonticola, a U.S. federally endangered fish species, and the examination of archived specimens of largemouth bass Micropterus salmoides; the IUCN endangered Dionda diaboli, Gambusia nobilis, Cyprinodon elegans; and IUCN vulnerable Etheostoma grahami from West Texas springs resulted in new host and locality records for H. pumilio metacercarial infections in all species except C. elegans. Metacercariae were found encysted in the connective tissue of the head and at fin insertions. Conversely no integumental or visceral infections were observed, regardless of the fish species or collection locality. It is surmised that Haplorchis pumilio is probably present in many aquatic systems where Melanoides tuberculata and Tarebia granifera have become established, but that the metacercariae have been missed by previous investigators because of their small size and unusual anatomical location. Results from this study suggest that subsequent investigators be on the watch for these metacercariae, and that the anatomical sites typical of the worm (fin insertions, and especially the caudal peduncle) be included in routine necropsy procedures for fishes from such habitats.
Introduction
Haplorchis pumilio (Looss, 1896) was first described from birds in Egypt. Various life stages of this parasite have now been reported from Africa (Sommerville 1982a) , Israel (Witenberg 1929) , India (Umadevi and Madhavi 2006) , China and East Asia (Chen 1936; Shen 1959; Lo and Lee 1996a; Chung et al. 2011) , Southeast Asia (Pearson and Ow-Yang 1982; Radomyos et al. 1998; Kay et al. 2009; Krailas et al. 2011; Chai et al. 2012) , Australia (Pearson 1964) , Venezuela (Díaz et al. 2008) , Mexico (Scholz et al. 2001) , and the USA (Tolley-Jordan and Owen 2008; snail stages only).
Adults of Haplorchis pumilio have been recovered from the digestive tracts of mammals, birds, and reptiles (Sommerville 1982a; Umadevi and Madhavi 2006; Díaz et al. 2008) . First intermediate hosts reported for H. pumilio are the thiarid snails Melanoides tuberculata (Müller, 1774) and Tarebia granifera (Lamark, 1822) (Umadevi and Madhavi 2006; Tolley-Jordan and Owen 2008) . Haplorchis pumilio metacercariae parasitize a broad range of second intermediate fish hosts, where they are found encysted in the soft tissue of the fin insertions, and the cartilage of the head (Sommerville 1982b; Lo and Lee 1996b) . Invasion by H. pumilio cercariae can have severe pathological consequences for fish hosts. Cercariae penetrate through the epidermis and migrate to various parts of the body to encyst. Hemorrhaging in the skeletal muscles has been reported in association with both the penetration and migration of cercariae (Sommerville 1982b; Umadevi and Madhavi 2006) , and simultaneous penetration by a large number of cercariae can be lethal to fry and adults of multiple fish species (Sommerville 1982b; Umadevi and Madhavi 2006) .
Melanoides tuberculata is thought to have been introduced to the USA through the aquarium trade sometime prior to 1950 (Murray 1971) , and Tarebia granifera was introduced to the USA as early as 1935 (Nollen and Murray 1978) . Populations of both snail species were first reported in Texas by Murray (1964) , when the snails were found in the headsprings of the San Antonio River (Bexar County). Both species were later reported in the spring-fed Comal River, Comal County, Texas (Murray and Wopschall 1965) . Since that time, both snail species have been reported in multiple spring-fed systems throughout Texas (Karatayev et al. 2009) , and the USA (TolleyJordan and Chadwick 2012; Benson and Nielson 2013; USGS 2013) .
Cercariae of an unidentified Haplorchis species were reported from exotic snails as early as 1999 in West Texas springs by McDermott (2000) , and a report from Utah also included the discovery of Haplorchis sp cercariae from M. tuberculata (Harvey et al. 2005) . Furthermore, H. pumilio has been found in snails in the Comal River in New Braunfels, Texas (Tolley-Jordan and Owen 2008), and cercariae have been collected from the water column using filtration techniques (Johnson et al. 2012; Cantu et al. 2013 ). It is possible that H. pumilio has become established in many of the aquatic systems in the USA that support reproducing populations of M. tuberculata and T. granifera.
While there are no reports of fishes from Texas infected with H. pumilio, it is not known how many native fishes are being exposed daily to cercariae of H. pumilio. Therefore, it was decided to expose a common cyprinid Cyprinella venusta (Girard, 1856) to H. pumilio cercariae in order to determine its susceptibility to H. pumilio cercariae, and to acquire metacercariae for comparison with wildcaught fishes. After 15 minutes in a 38 L aquarium with approximately 100 wild caught infected M. tuberculata, the four experimental fish were transferred to a cercariae-free aquarium for observation. On day two post-exposure, all four fish had developed large red blisters on opposite sides of the caudal peduncle, and by day 3 postexposure, the blisters had ruptured and the fish had died (Figure 1 ).
Because of the mortalities and pathologies resulting from Haplorchis pumilio infections in fish hosts (Sommerville 1982b) (Baird and Girard, 1853) that is listed as endangered (IUCN 2011c) were examined.
Methods
On 9 December 2013, five fountain darters (2.6-3.9 cm, TL) were collected from both the San Marcos (Hays County, 29°52'43.56 individuals each of Cyprinodon elegans (3.0-3.8 cm, TL) and G. nobilis (3.5-4.5 cm, TL) from Phantom Lake Springs; and five individuals of C. elegans (3.4-4.0 cm, TL) from San Solomon Springs were examined given the effect of H. pumilio on Cyprinella venusta.
Tissues around the fin insertions, skin, flesh, mouth, head, and internal organs were examined for metacercariae from fountain darters and archived specimens. All examined parts of fish were placed in petri dishes and observed with a dissecting microscope at 5-35X. The caudal peduncle of each fish was removed from the body approximately four vertebrae from the termination of the spinal column, and then divided in half sagittally. Anal, pelvic, pectoral, and dorsal fins were removed intact by cutting around the tissues of the fin insertions. In addition, internal organs, skin and muscles were removed. Finally, mandible, maxillary and isthmus tissues were removed from the head and divided into sections. Since no H. pumilio metacercariae had been found in the gills of the cyprinids that were artificially exposed to heavy cercarial concentrations, the gills of the additional fish in this study were not examined for H. pumilio infection. All of the excised tissues were then teased apart with dissecting needles, and examined for metacercariae. Haplorchis pumilio metacercariae were identified using a combination of descriptions provided by Scholz et al. (2001) , Umadevi and Madhavi (2006) , and Díaz et al. (2008) and by comparisons with metacercariae resulting from artificial infections.
Results
Haplorchis pumilio metacercariae, often with dark oval shaped excretory bladders (Figure 2) , were found encysted sub-dermally in the cartilage of the head, and in tissues of the fin insertions (especially the caudal fin, Figure 3 ). All fountain darters from the San Marcos River, as well as those from the Comal River, were infected with H. pumilio. Metacercarial intensities of H. pumilio (min-max, mean) in the San Marcos and Comal Rivers were (3-26, 15.2) and (6-34, 15.4), respectively. In fountain darters H. pumilio metacercariae were found primarily in the tissue surrounding the caudal fin insertion (49%) followed by the head (26%), and the pelvic (13%), dorsal (5%), pectoral (4%) and anal (3%) fin insertions. No H. pumilio metacercariae were found in the skin, skeletal muscles, or internal organs of the fountain darters. Haplorchis pumilio infection was low in the Devils River, where one E. grahami and one D. diaboli had a single H. pumilio metacercaria each. No H. pumilio metacercariae were found in the remaining 18 fish examined from this system. At San Felipe Springs, Dionda diaboli had the highest H. pumilio metacercarial intensities (18-56, 27.6) followed by M. salmoides (0-20, 6.8) and E. grahami (0-10, 2.2). At Phantom Lake, Gambusia nobilis had low metacercarial intensities (0-16, 6), and no H. pumilio metacercariae were found in Cyprinodon elegans from this site, while no H. pumilio metacercariae were found in C. elegans collected from San Solomon Springs.
Discussion
Though the parthenitae of H. pumilio have been known to occur in Texas waters for over a decade, the unusual location of metacercarial encystment is likely the reason Texas fish have yet to be reported as infected. This is concerning because fish populations have likely hosted H. pumilio for many years while the implications for the health of wild fisheries and humans have not been recognized in the USA. Natural infection intensities of Haplorchis pumilio observed in this study were low; however, the exotic gill trematode Centrocestus formosanus co-occurred in all locations with H. pumilio (McDermott et al. in press) . Accession numbers of the archival specimens matched to the data from McDermott et al. (in press) showed that approximately 50% of the fish infected with H. pumilio had previously been found to have gills infected with C. formosanus. Episodes of mortality attributed to either H. pumilio or C. formosanus have been reported in high-density fish farms (Sommerville 1982a,b; Blazer and Gratzek 1985; Mohan et al. 1999; Ortega et al. 2009 ). However, there is still a paucity of data regarding the effects of these exotic trematodes on endemic fishes in natural systems. It has been suggested that C. formosanus can be lethal to fountain darters at metacercarial intensities above 800 in the wild (Mitchell et al. 2000) , and moderate to heavy concurrent infection with H. pumilio could exacerbate the degenerative effects of C. formosanus infections, increasing the likelihood of parasite-induced morbidity, heightened predation risk, and mortality. Furthermore, infection with these parasites could intensify in periods of reduced spring discharge. Reduced spring discharge is considered to be one of the greatest threats to Texas spring endemics (Bowles and Arsuffi 1993; USFWS 1996) .The combination of these exotic trematodes may present a serious threat to fountain darters, as well as the other species in this study, during drought conditions. Commercially important sport fish species such as bass and catfish could also be adversely affected by this trematode, and the location of encysted metacercariae in fish hosts provides this parasite with a more likely route of transmission to humans than C. formosanus, that encysts almost exclusively in the gills (Mitchell et al. 2000 (Mitchell et al. , 2005 . Haplorchis pumilio has been recorded in humans in Asia (Radomyos et al. 1998; Chung et al. 2011) , as humans can ingest these tiny flesh-colored metacercariae when consuming raw or lightly cooked fish (Díaz et al. 2008) . Metacercariae encysted in fish can also remain viable when refrigerated for 5-8 days at 4°C (Sommerville 1982b) . Currently, there is little information regarding the pathology of H. pumilio in humans (Kay et al. 2009 ), although there have been reports attributing ulcerations and gastrointestinal disturbance to heavy intensities of Haplorchis spp. (Chung et al. 2011 ).
This study is the first report of Haplorchis pumilio in fishes of North America north of Mexico, and lists five new spring-influenced localities in Texas for the metacercariae. This study also lists five native North American fishes as new host records for H. pumilio: Dionda diaboli, Etheostoma fonticola, E. grahami, Gambusia nobilis, and Micropterus salmoides.
